tissues. Thus, to accommodate in vivo profiling, a "tagInitial strategies for proteomics sought to collectively free" version of ABPP was introduced, whereby a reprofile the expression levels of proteins using twoporter group could be attached to the activity-based dimensional gel electrophoresis (2DE), staining, and probe following covalent labeling of enzyme targets [22] mass spectrometry (MS) for protein separation, quanti-( Figure 1B ). This conjugation step was accomplished tation, and identification, respectively [3]. However, 2DE
that this reaction became potentially feasible for that the former method suffered from higher background (i.e., heat-insensitive, nonspecific) labeling with pro-ABPP. (For review see [28] .) Using the click chemistry (CC) methodology, we were able to label several enteomes, which reduced its sensitivity and hindered the detection of specifically labeled low-abundance zymes with an azido-phenyl sulfonate ester activity-based probe, both in vivo and in cell/tissue homogenates, effect targets of the PSN 3 probe [22] . Here, we have systematically varied key reaction parameters of CC-ABPP to conjugation of an alkyne-tag via the cycloaddition reaction, and separate/visualize the probe-labeled proteins determine the basis for the elevated background reby gel electrophoresis and fluorescence scanning [22] .
activity. Interestingly, removal of the PSN 3 probe did not The general success of such a tag-free approach was markedly affect the intensity of background labeling further validated by the recent report by Ovaa et al. observed in either cell or tissue proteomes ( Figure 3A , describing the in vivo profiling of the proteasome using lanes 1 and 7), indicating that these signals correthe Staudinger ligation for probe-tag conjugation [29] .
sponded to an SDS-stable (probably covalent) associaHowever, one drawback to CC-ABPP was noted in our tion between proteins and the Rhϵ reporter tag. Rhϵ previous report [22] --the methodology suffered from background reactivity required CuSO 4 ( Figure 3B , lane higher background labeling as compared to conven-4 versus 5) and further increased when the ligand and/ tional ABPP. These background signals, which apor reducing agent tris(carboxyethyl)phosphine (TCEP) peared to derive from low-level nonspecific labeling of were also included in the reaction ( Figure 3B, lanes 1-3) . abundant proteins in the proteome, obscured the detecAlthough the chemical basis for protein labeling by Rhϵ tion of some low-abundance specific targets of azido remains unknown, an alkane analog of Rhϵ did not activity-based probes, thus limiting the sensitivity of CCexhibit any reactivity with proteomes (data not shown), ABPP. We now report the successful resolution of this indicating that the alkyne is responsible for protein modproblem, as well as an optimized cycloaddition reaction ification. Given these findings, we next tested whether protocol for CC-ABPP, including methodologies for proswitching the directionality of the cycloaddition reaction tein labeling, isolation, and identification. Using these would circumvent the increased background labeling of optimized conditions, we have conducted a compara-CC-ABPP. tive analysis of the enzyme activity profiles of living and Two alkyne phenyl sulfonate ester probes (PS4ϵ, 2 homogenized human breast cancer cells, resulting in and PS9ϵ, 3) and a rhodamine-azide tag (RhN 3 , 5) were the identification of several enzymes that were labeled synthesized (Figure 2) , and proteome reactions with by activity-based probes in situ but not in vitro.
these reagents were compared to those with the PSN 3 6) . Curiously, although protein labeling was augmented in reactions with copper and ligand comteomes using either version of CC-ABPP. Strikingly, however, a significant reduction in background labeling pared to reactions containing only copper (e.g., lane 2 versus 4), the detection of specifically labeled enzyme was observed in the PS9ϵ/RhN 3 CC reactions, which could largely be attributed to the inertness of the RhN 3 activities appeared particularly dependent on the presence of reducing agent (e.g., compare labeling intensity reporter tag, which showed negligible proteome labeling in the absence of PS9ϵ ( Figure 3A, lanes 6 and 12) . Conditions were established for the analysis of in situ ground signals were normalized for both methods (in situ labeling for 1 hr with 25 M probe in 5 ml culture enzyme activity by treating living cancer cells for variable incubation times (15 min-4 hr) with a range of media; in vitro labeling for 1 hr with 5 M probe and 2 mg/ml soluble proteome). Background signals were concentrations of two PS probes, PSN 3 and PS4ϵ (5-100 M). Cells were then harvested and processed and defined as proteins that showed heat-insensitive labeling in vitro and typically corresponded to low-level the soluble proteome subject to CC reaction conditions. As is shown in Figure 5A , clear time-dependent labeling modification of abundant proteins (as judged by comparison of probe labeling profiles to Coomassie bluewas observed for nearly all enzyme activities, confirming that these proteins were modified by probes in situ stained gels; data not shown). Under normalized conditions, the enzyme activity profiles of living cancer cells (rather than being, for example, artifactually labeled posthomogenization). A wide range of labeling kinetics were quantitatively compared to those generated in vitro ( Figure 6 ). Several differentially expressed enzyme activwas observed, with some enzyme activities reacting to completion with PS probes within 1-2 hr (e.g., GST, ities could be detected by direct analysis of proteomes by 1D-SDS-PAGE ( Figure 6A) ; however, more complete ECH-2) and other proteins exhibiting linear rates of labeling throughout the 4 hr time course (e.g., protein disulenzyme activity profiles were generated by separation of proteomes on a Q Sepharose anion exchange column fide isomerase [PDI]) ( Figure 5B ). The rate of labeling of this latter group of proteins could be increased by treatprior to 1D-SDS-PAGE analysis ( Figure 7A ). Two general types of enzyme activities were detected: (1) enzymes ing cells with higher concentrations of probe ( Figures  5C and 5D) . Overall, the labeling profiles for the PSN 3 that labeled equally well in situ and in vitro (e.g., GST) and (2) enzymes that labeled more strongly in situ than and PS4ϵ probes were similar, with one notable exception: the enzyme very long chain acyl-CoA dehydrogein vitro (e.g., VLCAD, PDI, ECH-2) (Figures 6B). Notably, one enzyme activity, VLCAD, was labeled by the PSN 3 nase (VLCAD), which was detected exclusively with the PSN 3 probe. Enzymes were identified utilizing trifuncprobe exclusively in living breast cancer cells, suggesting that homogenization resulted in the inactivation tional probes containing biotin and rhodamine groups (Figure 2, compounds 6 and 7) and avidin chromatograof this protein.
As described previously [20, 22], the PS target GST phy-mass spectrometry (MS) methods, as described in the Experimental Procedures.
was found to be highly upregulated in MDA-MB-231 from nonspecific protein labeling events is more challenging for in vivo ABPP studies, which lack the straightenzyme activity aldehyde dehydrogenase-1 with a signal intensity and sensitivity that surpassed that of the PSN 3 forward controls devised for in vitro ABPP (e.g., comparative profiling of native and heat-denatured proteomes). probe. Thus, these findings suggest that either azideor alkyne-modified activity-based probes can be utilized Accordingly, confirmation that probe-enzyme reactions observed in vivo actually occur in enzyme active sites to profile enzyme activities in vivo.
To date, standard ABPP methods have been applied (i.e., in an "activity-based" manner) may require the identification of sites of probe modification. Fortunately, a to several biological systems, enabling the discovery of both disease-associated enzyme activities and specific gel-free version of ABPP has recently been introduced to identify specific sites of probe labeling on enzymes inhibitors of these enzymes using cell/tissue homogenates [21] . Here, we have demonstrated that similar isolated from whole proteomes [46] . Thus, a combination of gel-based and gel-free methods for CC-ABPP biological applications can be pursued in vivo using CC-ABPP. The Supplemental Data available at http://www.chembiol.com/cgi/ inert atmosphere, no effort was made to exclude DMSO, a lower content/full/11/4/535/DC1 includes synthesis of probes and tags concentration of ligand was used (100 M versus 2 mM), and excess and graphs of in vitro (GST) and in situ enzyme labeling in T-47D reagents were not removed prior to electrophoresis. As mentioned above, reactions were also carried out in PCR tubes using multiproteome.
